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I. INTRODUCTION

The current generation of satellites must carry out their missions with
high reliability and for extendéd periods of time. As a result, stringent
lifetime requirements are placed on satellite systems; these will become even
more stringent with future generations of satellites. Contamination of criti-
cal satellite surfaces has long been recognized as a potential problem area.
Problems can arise because sensitive surfaces can be coated by contaminants
apd because the molecular structures of such contaminants can be altered by
interaction with the space environment. In addition, the preseﬁce of cryo-
genic satellite surfaces increases the potential for contamination because of

the larger sticking coefficients of contaminants at low temperatures.

Until recently, there has been little work on identifying the chemical
composition of volatile condensable materials (VCM) or on determining the
changes that occur in VCM chemistry és a result of exposure to solar radiation
or high-energy particles. Most VCM-related activities have involved materials

1 and

screening procedures, such as the standardized ASTM VCM procedure,
techniques used to determine solar absorptance values, e.g., reflectance and
thermal measurements. These techniques are very useful and provide needed
data for projéct planning purposes. They do not, however, contribute to the
area of contaminant identification and environment—induced changes in con-~
taminant molecular structure. Not until-the actual contaminants are
identified is it possible to recommend changes in material processing or
selection that could help maximize the performance of satellite systems.
Phillips et al.?

infrared spectroscopy, they observed changes in VCM that were brought about

recognized the need for research in this area. Using

through exposure of the VCM to vacuum ultraviolet radiation. A disadvantage
in their épproach was that the VCM infrared spectra had to be taken ex situ
and at room temperature. Although the VCM was collected at low temperature,
no spectral information was obtained under the actual VCM collection condi-
tions, and any changes that occurred in the VCM resulting from exposure of the

material to ambient conditions could not be determined.



A new VCM facility has been constructed in response to the need for the
identification of VCM and the determination of the changes that the contami-
nants undergo as the result of exposure to the orbital environment. A unique
in situ Fourier transform infrared spectrophotometric system is incorporated
into the facility. This facility is described, and some of the preliminary

infrared and mass accumulation results are presented in this report.



IT. INSTRUMENTATION

A. CﬁAMBER

The VCM chamber'(Figure 1) 1is an oil-free stainless~steel tank that is
puﬁpedlﬁith a Balzers Model TSU 110 110 liter/sec turbomolecular pump and a
Perkin Elmer/Ultek 100 liter/sec ion pump. Seals and joints are made with -
crushable copper gaskets and glass—to-metal seals. An adhesive, RTV 560
bolysiloxane, is used to seal the entrance and exit potassium bromide (KBr)
windows for the infrared system. No background contamination caused by
outgassing of the window adhesive has been observed. Slip-on Teflon insu-
lation is used on internal thermocouple wiring. A tubular cryoshield between
the outgassing‘source and the collectors restricts the experiments to line-of-

sight contaminant deposition.

The sample position is 7 in. from the detectors. For low outgassing
materiéls, insufficient VCM would be deposited on the quartz crystal
microbalance (QCM) and internal reflection element (IRE). In an attempt to
inérease‘the contaminant flux that impacts the collecting surfaces, a copper
tube was attached to the sample holder. The tube is 0.43 in. diam and 5 in.
long, so that it terminates 2 in. from the detectors. In this arrangement,
the tube acts as a secondary source by channeling the VCM from the sample.
Calculations of VCM flux distributions, performed following the experimeﬁts,
indicate that the flux distribution was considerably more peaked along the
axis of the tube than we had anticipated.3 Consequently, a VCM flux increase
of only a factor of 2 to 3 at the detectors was realized relative to outgass-
ing without the tube in place. In addition, there was a flux gradient across
the QCM and IRE. Therefore, percent VCM values for comparison with NASA VCM
values® have not been calculated for this report. Efforts to increase the VCM
flux at the collecting surfaces using well characterized source configurations

are under way.
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B. COLLECTION AND ANALYSIS APPARATUS

1. FOURIER TRANSFORM INFRARED SPECTROPHOTOMETER SYSTEM

The infrared spectrophotometric system (Figure 2) is a modular system.
Broadband radiation originates at a Perkin Elmer Globar infrared source, is
collimated, and enters a Bloch Engineering Model 296 fast—scanning Michelson
interferometer. The radiation emerges as a collimated train of interferogram
pulses and is focused through the chamber KBr entrance window on the aperture
of a 60-deg trapezoidal IRE. VCM, which has coated one surface of the IRE, is
spectrally sampled by means of internal reflection spectroscopy.5 The radia-
tion, which carries the sample spectral information, exits the IRE, passes
through the KBr exit window, and is focused on an Infrared Associates HCT
16/18 mercury-cadmium—-telluride detector. The interference data are stored on
floppy disks and are later transformed into infrared spectra by means of a CDC
7600 computer. The IREs used are supplied by Harrick Scientific and are
composed of either germanium or KRS-5. Temperature calibration of the IREs
indicated that there was a large temperature gradient between the edge of -the
IRE where it contacted the holder and the center of the IRE. The temperature
gradient results from poor thermal contact between the holder and the IREs.

We are currently working to improve this condition.
2.  QUARTZ CRYSTAL MICROBALANCE

Doublet crystals are used on the QCM, with the sensing and reference
electrodes on the same 1.5 x 0.75-in. crystal wafer of the type developed by
Termeulen et al.® The doublet crystals were used because temperature~induced
beat frequency excursions were minimized with the reference and sensing crys-
tals on the same wafer. We observed beat frequency shifts on the order of 30
to 40 Hz for the temperature range -105 to 25°C, which is in agreement with

earlier work.2

The érystals were prepared by purchasing from Monitor Products 35-deg 10-
min AT-cut crystals with platinum deposits in the desired electrode geometry.
Either aluminum or gold was vacuum deposited over the platinum to provide the

appropriate collecting surface. The resonance frequency of the crystals is
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5 MHz. For our calculations of mass deposition, the theoretical value of 57.5

2 1 was used.7

Hz cm“ug~
The crystal wafers are mounted on an OFHC copper baseplate. Copper
beryllium "fingers" hold the crystal suspended between the baseplate and the
copper cover. Temperature equilibration of the wafer with the holder is
accomplished by means of contact with the copper  beryllium. Calibration of
the QCM crystal temperature indicated that at holder temperatures lower than
-150°C, the center of the crystal was 6 deg warmer than the holder. This
temperature difference was smaller at higher temperatures. The front cover is
designed so that only the sensing side of the wafer is exposed during opera-

tion, i.e., the reference side is masked.
3. RESIDUAL GAS ANALYZER

An EAI Model 250 quadrupole mass spectrometer is interfaced to the system

for mass analysis of outgassed material.

C. TEMPERATURE CONTROLS

The  outgassing source temperature range is from =196 to greater than
200°C. Cooling is only required during initial pumpdown and is accomplished by
filling a reservoir attached to the source holder with liquid nitrogen
(LNZ)‘ Heating is accomplished with a cartridge heater regulated with a
Variac. The QCM and IRE holders are cooled with LN,. The QCM and IRE tem-
peratures are controlled by Omega Model 50 temperature controllers. The cold
shroud is maintained at low temperature by constant contact with a reservoir
of LNy . Copper-constantan thermocouples are used to monitor the source, IRE,
QCM, and cold-shroud temperatures. The thermocouples are referenced to 0°C

electronically.

D. MICROCOMPUTER.DATA ACQUISITION SYSTEM

Frequency data from the QCM and temperature data for the IRE, QCM,
source, and cold shroud are continuously acquired by a microcomputer and
stored on floppy disks. The sampling interval can be varied from one second
to one day. -However, 10-min intervals are adequate for most experiments. The
data can be displayed on a terminal concurrent with floppy disk storage during

periods when a printed or visual record is desirable.

11



The microcomputer also controls the pulse frequency of the interferometer
during infrared spectral measurements, acquires the digital interferograms,
co—adds the interferograms, and stores them on floppy disks. Between 80 and

160 separate interferograms are routinely co-added to obtain adequate signal-

to-noise levels.

12



III. EXPERIMENTAL

A.  MATERIALS

Samples of Solithane 113/300 polyurethane adhesive, 3M No. 465 acrylic
transfer tape, and RTV 560 polymethylphenylsiloxane were received from a
subcontractor for analysis. The materlals were not preconditioned for

temperature and Humidity prior to installation in the facility.
B. PROCEDURE

The sample material (VCM source) was initially weighed, placed in posi-
tion on the sample holder, and installed in place in the chamber. Pumping the
chamber for 15 min with the turbomolecular pump reduced the chamber pressure
to approximately 1 x 1072 Torr. At a chamber pressure of approximately
1 x 1074 Torr, the source and the shroud were cooled to -196°C to prevent pre-
mature outgassing of the sample. When the chamber pressure was 1 x 10™° Torr
or less, the ion pump was turned on and the turbomolecular pump was valved off
from the system. - The IRE and QCM were cooled to their respective tempera-
tures, and low-temperature background infrared spectra were taken. The tem-
peratures of the QCM and IRE stabilized at -97 and -100°C, respectively, in
approximately 30 min, after which the sources were adjusted to their operating
temperatures (125°C for Solithane 113/300 and 3M No. 465 and 20°C for RIV 560)
and outgassing was begun. TFor collector temperature in the range of -100°C
and chamber pressures of approximately 1 x 10~8 Torr, water vapor or other
atmospheric gases that may be emitted from the sources will not condense, but
almost any qutgassed organic species will be collected. Previous experiments
indicated that considerable quantities of water were colleétéd on the IRE when

its temperature was colder than -130°C.

Temperatures and QCM frequencies were acquired at 10-min intervals during
the course of the experiments. Infrared spectra were taken daily as the VCM

was being collected. The experiments lasted from 6 to 10 days.

The experiments were terminated by cooling the sample to room temperature

and permitting the QCM to warm at a predetermined rate so that desorption

13



information could be obtained. After the QCM reached ambient temperature,
first the IRE and then the shroud were permitted to warm to ambient tempera-
ture. The pumps were turned off, and the chamber was backfilled with dry

nitrogen.

Between experiments, the chamber and ion pump were baked out for at least
24 hr. Background contamination was determined to be negligible by operating

the system without a sample present.

14



IV. RESULTS AND DISCUSSION

A. SOLITHANE 113/300

Collected mass-versus—time aata for Solithane 113/300 are shown in Figure
3. The approximately 2.0 ng cm"2 VCM that was collected over 180 hr trans-—
lates into a thickness of 200 A on the IRE if a density of 1.0 is assumed for
the VCM.

The VCM desorption data in Figure 3 indicate that the VCM began to desorb
from the QCM when the QCM temperature reached -62°C. As the QCM temperature
approaches rodm temperature, the mass reading apparently goes below zero.

This behavior is a manifestation of a temperature~dependent frequency response
of the QCM, i.e., the beat frequency of the QCM changes by 30 to 40 Hz (0.5 to
0.7 ug cm-z) when the QCM temperature changes from =97 to 20°C. The zero mass

2 remained

reading was established with the QCM at -97°C. Less than 0.2 ug cm
when the QCM reached ambient temperature. (Because of fluctuations in the QCM
frequencies, our accuracy is limited to * 0.2 ug cm—z.) This mass loss when
the IRE warms to room temperature emphasizes the importance of performing

spectral measurements at the collection temperature.

The infrafed spectra of the collected VCM are shown in Figure 4. The
only outstanding feature in these spectra is the strong absorption at 2250 '
cm—l. There are very few functional groups that absorb in this region. This
absorption undoubtedly corresponds to the isocyanate functional group, =N = C
= 0. Solithanme 113/300 is a polyurethane polymer, and one of the preéursor
8

molecules is an aromatic diisocyanate. Typical aromatic diisocyanate spectra

1 absorption that is the most.prominent

exhibit an approximately 2250 cm~
feature in the spectra. In our experimental spectra, possible C-H and C-C
absorption features-are apparent but are not significantly above the noise
level. The spectra in Figure 4 correspond to maximum contaminant thicknesses
of 150 and 200 A, The thicknesses may be much less because of the temperature

gradient across the IRE,

15
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B. 3M No. 465 TRANSFER TAPE

Collected mass—versus-time data for 3M No. 465 transfer tape are shown in
Figure 5. The collected mass value after 160 hr was approximately 2.4 ug
em~2. This value corresponds to a VCM deposition of 240 A on the IRE.

The desorption data, Figure 5, indicate that -the VCM began to desorb when
the QCM temperature was higher than —705C. The mass loss stops when the QCM
temperature is maintained at -63°C, and the collected mass decreases very
little until resumption in the warming of the QCM. The desorption continues
fbr approximately 20 hr while the QCM is warming up. The initial desorption
is caused by either a frequency shift resulting from a change in the QCM
temperature or the desorption of highly volatile VCM components. The obser-
vation that the mass value levels off at -63°C is consistent with both expla-
nations. As the temperature of the QCM increases above -63°C, the VCM desorp-
tion rate is not consistent with the desorption of one component, but is con-
sistent with the desorption of several components, i.e., the rate remains.

fairly low despite a QCM temperatﬁre increase of approximately 60°C.

The infrared data, Figure 6, exhibit only C-H absorption. No carbonyl
absorption is present. These data suggest that the VCM is a hydrocarbon and

is not composed of acrylate monomers that have outgassed.
C. RTV 560

For RTV 560, the collected mass-versus—-time data are given in Figure 7.
The results were surprising. With the sample at approximately 20°C, the out-
gassing was linear with time and resulted in the collection of approximately
18 ug co 2 after 50 hr. The sample was cooled to -196°C after 35 hr, because
we were concerned that the QCM would become saturated. The high level of
outgassing indicates that the material may have been improperly cured. After
the system was maintained with the source cold for approximately 50 hr, the
microcomputer malfqnctioned and the capability to acquire infrared, QCM, and

temperature data was lost.

The infrared spectra, Figure 8, were taken with estimated sample thick-
nesses of 460 to 1800 A before the computer malfunctioned. The outstanding

18
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feature in the spectra is the strong absorption at approximately 1250 en”!

characteristic of the S5i-CHj bond.”?»10 This feature and the C-H absorption at

1 identify the VCM as a methyl siloxane. There is no

approximately 2940 cm™
evidence of phenyl siloxane absorption in the spectra. Thus, although RTV 560
is a mixed methyl-phenyl siloxane, only the methyl siloxane outgasses in

significant quantities.

23



V. CONCLUSIONS

The conclusions from the preliminary experiments with the VCM facility

are the following:

1.

2.

Because of the low desorption temperatures of the VCM, low-
temperature collection and in situ spectroscopy of VCM is superior to
ex situ spectroscopy techniques. The in situ technique circumvents
problems associated with sample removal and exposure to the ambient
environment.,

Contaminants with strong infrared transitions can be identified with
less than 200 A of deposit on the IRE. For the materials in this
study, the prominent absorptions at 3.4, 4.4, and 7.9 pm would be
significant if they occurred in important band-pass regions for
spacecraft optical devices. In such a case, specific care to prevent

* contamination must be exercised.

The VCM deposits fof all three materials desorb completely when the
QCM is warmed. The desorption occurs well below room temperature.
Data for room—temperature collection” indicate substantial quantities
of VCM., Apparently, the VCM is being fixed by reactions that occur
rapidly at room temperature, e.g., polymerization, but are not:

. important at lower temperatures. The VCM materials would present a

problem in cryogenic optics and surfaces because of large sticking
coefficients at cryogenic temperatures.

The VCM facility with in situ infrared spectroscopy capability has

been demonstrated to be useful for the identification and quantifi-
cation of outgassed materials.

25



10.

11.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applica-
tion of scientific advances to new military space systems. Versatility and
flexibility have been developed to a high degree by the iaboratory personnel in
dealing with the many problems encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developments is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermomechanies, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser

development including chemical kinetics, spectroscopy, optical resonators and
beam painting, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low~noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Informatfon Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne cozputers, fault-trolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, pelymers, and new forms of carbon; component failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space environment; materials performance in space transportation systems; anal-~
ysis of systems vulnerability and survivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and lonospheric physics, radiation
from the atmosphere, density and composition of the upper atmosphere, aurorae
and airglow; wagnetospheric physics, cosmic rays, generation and propagation of
plasma waves {in the magnetosphere; solar physics, infrared astronomy; the
effects of nutlear explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.




